were sensitized on day 0 and challenged on days 7-11 with house-dust mite (HDM) allergen. Samples from the intestines and lungs were collected for IL-33 and ST2 analysis by qRT-PCR, immunoblotting and immunohistochemistry. Results: Dietary GOS counteracted the DON-induced IL-33 mRNA expression and changed the IL-33 distribution pattern in the mouse small intestine. The IL-33 mRNA expression was positively correlated to the intestinal permeability. A strong positive correlation was also observed between IL-33 mRNA expression in the lung and the number of bronchoalveolar fluid cells. Reduced levels of IL-33 protein, altered IL-33 distribution and reduced ST2 mRNA expression were observed in the lungs of HDM-allergic mice after GOS intervention. Conclusions: Dietary GOS mitigated IL-33 at the mucosal surfaces in a murine model for intestinal barrier dysfunction and HDM-induced asthma. This promising ef-
Introduction
Nondigestible oligosaccharides, such as galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS), are currently added to infant milk formulas to achieve an intestinal microbiota composition more similar to that of breastfed infants [1] . Experimental evidence clearly indicates that infants given infant formula enriched with oligosaccharides, particularly GOS, show a significant increase in bifidobacteria and lactobacilli in the microbiota, resembling that of breastfed infants. From other studies, we know that the growth of pathogens is reduced [2] . Besides their effects on the intestinal flora, oligosaccharides can also modulate the activity of the immune system and regulate natural immune mechanisms [3] . Interestingly, a reduction in the incidence of allergic manifestations and infections was observed after nutritional application with prebiotic oligosaccharides (90% GOS/10% lcFOS) [4, 5] . Recent work by our group demonstrated that GOS also have microbiota-independent properties observed in intestinal epithelial cells [6, 7] . The homeostasis of the epithelial inflammatory response within the intestinal epithelium can be regulated by the axis of interleukin 33 (IL-33) and its receptor ST2, which belongs to the IL-1/ Toll-like receptor (TLR) superfamily [8] . In recent years, scientific interest in IL-33 has grown, since this cytokine seems to be an indicator of Th2-mediated host defense and plays an important role in mucosal barrier tissues like the intestine and the surface of the airways, where it functions as an endogenous danger signal in response to tissue damage [9] . Moreover, increased expression of IL-33 and its receptor ST2 has been reported in asthma and ulcerative colitis (UC) patients in association with proinflammatory effects [8, 10, 11] .
Since there are indications that GOS can modulate barrier and immune functions and directly interact with epithelial cells, this study aimed to investigate whether the cytokine IL-33 and its receptor ST2 can be affected by the prebiotic GOS. An acute model for intestinal barrier dysfunction and a house-dust mite (HDM)-induced allergic asthma model with an inflammation-induced expression of IL-33 were used to test our hypothesis. Dietary intervention with GOS mitigated the inflammationinduced expression of the alarmin IL-33 in these 2 murine models, while decreased ST2 mRNA expression was observed in the lungs of HDM-allergic mice fed a GOS diet.
Materials and Methods

Animal Studies
All in vivo experiments were conducted in compliance with the guidelines of the Ethical Committee on the use of Laboratory Animals of the Utrecht University (DEC 2012.III.02.012 and 2013. II.01.003). Male B6C3F 1 and male BALB/c mice (6-8 weeks old) obtained from Charles River (Maastricht, The Netherlands) were housed under controlled conditions in standard laboratory cages or biocontained sterile conditions using HEPA-filter Isocages ® (Tecniplast, Buguggiate, Italy), respectively. These data were obtained from analyses of samples from recently published studies [6, 12] .
Animals were fed a control diet (AIN-93G) with or without 1% v/w GOS (Vivinal ® GOS syrup with approximately 59% galacto-oligosaccharides, 21% lactose, 19% glucose and 1% galactose on 75% dry matter; FrieslandCampina Domo, Borculo, The Netherlands) from day -14 to day 0 [deoxynivalenol (DON) gavage study] and from day -14 to day 14 (asthma study). The carbohydrates in the Vivinal GOS were compensated isocalorically in the control diet by means of cellulose (for GOS), lactose (for lactose) and dextrose (for glucose). Food and water were provided ad libitum.
For the DON gavage study (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000437327), DON (D0156; Sigma, St. Louis, Mo., USA) was administered at a dose of 25 mg/kg of body weight by a single oral gavage to B6C3F 1 mice at day 0; control mice received sterile PBS. Six hours after the gavage, the mice were sacrificed by cervical dislocation, and the distal small intestine was collected for mRNA isolation and immunohistochemistry. For the asthma study (online suppl. fig. 1 ), BALB/c mice were intranasally sensitized with 1 μg HDM allergen/40 μl PBS (Greer Laboratories, Lenoir, N.C., USA) under isoflurane anesthesia on day 0 and intranasally challenged daily on days 7-11 with PBS (control) or 10 μg HDM/40 μl PBS. At day 14, the mice were sacrificed by an intraperitoneal overdose of pentobarbital (600 mg/kg, Nembutal TM , Ceva Santé Animale, Naaldwijk, The Netherlands) and the lungs were collected for mRNA isolation, Western blot analysis and immunohistochemistry.
Fluorescein Isothiocyanate-Dextran Permeability Assay
To assess intestinal permeability changes, the intestinal permeability to 4 kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, St. Louis, Mo., USA) was measured as described previously [13] . Briefly, 2 h after DON administration, all mice received FITC-dextran (500 mg/kg of body weight) by oral gavage. Four hours later, blood was obtained by heart puncture directly after cervical dislocation, and the appearance of FITC-dextran in the blood serum was measured with a spectrofluorometer (FLUOstar Optima; BMG Labtech, Offenburg, Germany).
Bronchoalveolar Lavage
The trachea of the mice (asthma model) were cannulated and lungs were lavaged 4 times with 1 ml saline solution (0.9% NaCl, at 37 ° C). 129 were centrifuged at 400 g for 5 min, and then counted using a Bürker-Türk chamber. Differential cell counts were performed on cytospin preparations stained by DiffQuick (Dade, Düdingen, Switzerland).
qRT-PCR
Gene expression was determined by quantitative (q)RT-PCR, as described previously [13] . In brief, samples of the distal small intestine and lung tissue were homogenized in RNA lysis buffer with β-mercaptoethanol. RNA was extracted using spin columns according to the manufacturer's instructions (Promega, Madison, Wis., USA). cDNA was prepared from 1 μg of RNA, using the iScript TM cDNA synthesis kit ( Bio-Rad, Hercules, Calif., USA). qRT-PCR was performed using the MyIQ single-color real-time PCR detection system (Bio-Rad) with iQSYBR green supermix (Bio-Rad). IL-33 and ST2 primers were derived from the NCBI GenBank and manufactured commercially (Eurogentec, Seraing, Belgium); IL-33: forward 5 ′ -GGTGTGGATGGGAAGAAGCTG-3 ′ , reverse 5 ′ -GAGGACTTTTTGTGAAGGACG-3 ′ and ST2 forward 5 ′ -CAAGTAGGACCTGTGTGCCC-3 ′ and reverse: 5 ′ -CGT GTCCAACAATTGACCTG-3 ′ . The relative amounts of gene expression were standardized and calculated by the expression of house-keeping control gene (β-actin) as an internal standard, using the 2 -∆ ∆ Ct method.
Immunoblotting
Total protein extracts were prepared as described previously [12] . Equal protein amounts were separated by SDS-PAGE, blotted onto PVDF membranes and analyzed with goat anti-mouse IL-33 (R&D Systems, Minneapolis, Minn., USA; mouse monoclonal antibody, AF3626, 1: 500) , rabbit anti-ST2 (Abcam, Cambridge, UK; rabbit polyclonal antibody, ab25877, 1: 1,000) or rabbit anti-β-actin (Cell Signaling, Danvers, Mass., USA; rabbit monoclonal antibody, No. 4970, 1: 4,000) . Appropriate horseradish peroxidaseconjugated secondary antibodies (Dako, Glostrup, Denmark) were used for detection by enhanced chemiluminescence (Amersham Biosciences, Roosendaal, The Netherlands). The band intensity was acquired by a GS710 calibrated imagine densitometer (Bio-Rad).
Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded distal small intestine (Swiss roll) and lung tissue, using the IL-33 antibody (R&D Systems; mouse monoclonal antibody, AF3626, 1: 500) or ST2 antibody (Abcam; rabbit polyclonal antibody, ab25877, 1: 1,200). For antigen retrieval, the slides were boiled in 10 m M citrate buffer (pH 6.0) for 10 min in a microwave [14] . Digital images were acquired using an Olympus BX50 microscope (Olympus Europa GmbH, Hamburg, Germany) equipped with a Leica 320 digital camera (Leica Microsystems, Wetzlar, Germany). No staining was detected in the negative controls, in which the primary antibody had been omitted (online suppl. fig. 2 ).
ELISA IL-33 and ST2 levels in the BALF were measured by ELISA using the Mouse IL-33 ELISA set (R&D Systems; DY3626) and Mouse ST2 ELISA set (R&D Systems; DY1004) according to the manufacturer's instructions.
Statistical Analysis
Statistical analyses were performed with GraphPad Prism 6.0 (Graphpad, LaJolla, Calif., USA). Differences between groups were statistically determined by using one-way ANOVA followed by Bonferroni's multiple-comparison test. Spearman's rank tests were conducted for analyses of correlation. Results were considered to be statistically significant when p < 0.05.
Results
IL-33 mRNA Expression Correlated with the Intestinal Permeability Changes and the Number of BALF Cells
In the murine model for intestinal barrier dysfunction, a strong positive correlation was observed between the IL-33 mRNA expression levels in the mouse distal small intestine and the intestinal permeability to 4 kDa FITC-dextran (r s = 0.6634, p = 0.002; fig. 1 a) . In the HDM-induced asthma model, IL-33 mRNA expression levels in the lung positively correlated with the total number of BALF cells (r s = 0.5424, p = 0.0008; fig. 1 b) . Differential analysis of the BALF cells showed an increase in eosinophils. The number of lymphocytes and neutrophils was significantly higher in HDM-allergic mice than in control mice (online suppl. table 1).
Dietary Intervention with GOS Counteracts the DON-Induced IL-33 mRNA Expression and Distribution Pattern in the Distal Part of the Mouse Small Intestine
The prominent increase in IL-33 mRNA expression in the distal small intestine observed after DON gavage was prevented by GOS, since the IL-33 mRNA levels in DONtreated animals fed with a GOS diet were significantly lower than in those given a control diet ( fig. 2 a) .
Immunohistochemical staining confirmed that the IL-33 production was increased in the distal small intestine after DON gavage ( fig. 2 c) compared to the control mice that were fed a control or GOS diet ( fig. 2 b, d) . The most pronounced differences were observed in the epithelial layer around the villi. The GOS diet prevented this DONinduced IL-33 production in the distal small intestine, and a lower number of IL-33-expressing epithelial cells were observed ( fig. 2 e) . Related to the IL-33 mRNA expression, the increased ST2 mRNA expression in the distal small intestine of DON-treated animals was reduced in those that were fed a GOS diet; however, this decrease was not statistically significant ( fig. 2 f) . The ST2 immunohistochemical staining depicted in figure 2 g-j showed a strong expression pattern in the cytoplasm of the intestinal epithelial cells, and ST2 was also detected in scattered lamina propria mononuclear cells. Similar patterns of ST2 expression for all experimental groups were observed. Dietary intervention with GOS counteracts the DON-induced IL-33 mRNA expression and distribution pattern in the distal part of the mouse small intestine. Mice were fed a control diet or a diet supplemented with GOS for 2 weeks, followed by an oral gavage with DON (25 mg/kg of body weight). a , f Six hours after the DON challenge, the mRNA levels of IL-33 and ST2 were measured by qRT-PCR. Results are expressed as IL-33 mRNA expression (qRT-PCR, normalized to β-actin) as mean ± SEM. There were 5-6 animals/experimental group. For immunohistochemistry, Swiss-rolled paraffin sections obtained from distal small intestine were stained with anti-IL-33 ( b-e ) and anti-ST2 ( g-j ) antibodies (Materials and Methods). * * * p < 0.001 significantly different from the control group, ^^ p < 0.01 significantly different from the DON-treated animals. ×200 (IL-33 staining). ×400 (ST2 staining). 
Dietary Intervention with GOS Reduces IL-33 and ST2 mRNA Expression and IL-33 Protein Levels in the Lungs of HDM-Allergic Mice
The increase in IL-33 mRNA expression in the lungs of HDM-allergic mice was partly reduced by dietary intervention with GOS ( fig. 3 a) ; however, this decrease was not statically significant. The same trend was observed for the IL-33 concentration in the BALF ( fig. 3 b) . Moreover, the IL-33 protein levels in the lung tissue homogenates of GOS-treated HDM-allergic mice were significantly decreased compared to the nontreated HDM-allergic mice ( fig. 3 c) . Comparable with the Western blot data, immunohistochemical staining indicated that more IL-33 expressing cells were present in the lungs of the HDM-allergic mice ( fig. 3 e) than in the control mice (fed a control or GOS diet; fig. 3 d, f) . Dietary intervention with GOS caused a decrease in IL-33 expression in the lungs of HDM-allergic mice compared to the nontreated HDM- Fig. 3 . Dietary intervention with GOS reduces IL-33 protein levels and expression in the lungs of HDM-allergic mice. Mice fed a control diet or a diet supplement with GOS from day -14 to day 14 were sensitized with HDM on day 0 and were challenged on days 7-11 with HDM or PBS (control). IL-33 mRNA expression in the lungs ( a ), IL-33 concentration in the BALF ( b ) and IL-33 protein levels in the lungs ( c ) were measured. Results are expressed as IL-33 mRNA expression (qRT-PCR, normalized to β-actin), pg/ml BALF (ELISA) or OD/mm 2 (Western blot, normalized to β-actin) as mean ± SEM. There were 7-9 animals/experimental group. For immunohistochemistry, lung sections were stained with anti-IL-33 antibody ( dg ) as described in Materials and Methods. * p < 0.05 and * * * p < 0.001 significantly different from the control group, ^ p < 0.05 significantly different from the HDM-allergic animals. ×200. fig. 3 g ). Furthermore, a clear increase in ST2 mRNA expression was observed in the lungs of HDM-allergic mice, which was significantly reduced in the HDM-allergic mice that were fed a GOS diet ( fig. 4 a) . The ST2 levels in the BALF ( fig. 4 b) and the ST2 protein levels in the lung ( fig. 4 c) did not significantly differ between the experimental groups; this was confirmed by immunohistochemical staining showing the airway epithelium as a primary source for ST2 ( fig. 4 d-g ).
Discussion
IL-33 is a member of the IL-1 cytokine family. It has a dual function: it activates various immune cells through the IL-33 receptor ST2 and acts as an intracellular factor with transcriptional properties [15] . It also delivers an important danger signal in the cellular response to tissue damage, and epithelial cells at mucosal barrier sites constitutively express IL-33 [16] . Specific ef- Dietary intervention with GOS reduces ST2 mRNA expression in the lungs of HDM-allergic mice. Mice fed a control diet or a diet supplement with GOS from day -14 to day 14 were sensitized with HDM on day 0 and were challenged on days 7-11 with HDM or PBS (control). ST2 mRNA expression in the lungs ( a ), ST2 concentration in the BALF ( b ) and ST2 protein levels in the lungs ( c ) were measured and results are expressed as ST2 mRNA expression (qRT-PCR, normalized to β-actin), pg/ml BALF (ELISA) or OD/ mm 2 (Western blot, normalized to β-actin) as mean ± SEM. There were 7-9 animals/experimental group (qRT-PCR and ELISA). For immunohistochemistry, lung sections were stained with anti-ST2 antibody ( d-g ) as described in Materials and Methods. * * * p < 0.001 significantly different from the control group, ^ p < 0.05 significantly different from the HDM-allergic animals. ×200. 133 fects in the gut can be exerted by IL-33, since mice injected intraperitoneally with recombinant IL-33 have been found to demonstrate an increase in the permeability of the mucosal barrier and intestinal inflammation as well as hypertrophy and hyperplasia of goblet cells [17, 18] . In our study , the mycotoxin DON serves as a reliable and reproducible model of intestinal barrier dysfunction [13, 19] and a strong positive correlation was observed between IL-33 mRNA expression in the mouse distal small intestine and the intestinal permeability induced by DON. Besides IL-33, the tight and adherens junctions are also critical for the maintenance of intestinal barrier integrity [20] [21] [22] . IL-33 impairs the epithelial barrier function; this was observed in a human colonic epithelial Caco-2 monolayer and in mice treated with exogenous IL-33. IL-33 injected intraperitoneally exacerbated sodium (DSS)-induced colitis in mice [23, 24] . Observations in IL-33 -/-mice suggested that IL-33 deficiency leads to delayed local inflammation and tissue damage during experimental colitis [25] . On the other hand, it was recently published that IL-33 promotes regulatory T-cell function in the intestine. IL-23, an important proinflammatory cytokine in the pathogenesis of irritable bowel disease inhibits this regulatory T-cell responsiveness to IL-33 [26, 27] . Furthermore, IL-33 is found to be prominently present in inflamed colon tissue, mainly localized to the surface epithelium and in the crypt cells, in patients with Crohn's disease and UC [8, 28, 29] . In this study, a similar pattern of distribution of IL-33 was observed in the mouse small intestine after disrupting the intestinal barrier with DON. Besides the increase in IL-33 expression observed by means of immunohistochemical staining, a 5-fold increase was observed in IL-33 mRNA levels in the mouse distal small intestine after DON gavage, but the levels of other cytokines and chemokines, such as IFN-γ, IL-1α, IL-1β, IL-4, IL-6 and TNF-α remained unchanged (described by Akbari et al. [6] ).
The IL-33/ST2 system plays an important role in irritable bowel disease [29] [30] [31] . Pastorelli et al. [28] described that a specific imbalance between IL-33 and ST2 may play a pathogenic role in UC, since ST2 is decreased in UC colonic epithelium and IL-33 is markedly increased in active UC. In this study, no effect of the DON gavage on the ST2 distribution in the distal small intestine was observed; however, the ST2 mRNA expression was significantly increased in the distal small intestine of the DON-treated animals.
The DON-induced increase in IL-33 was mitigated by dietary intervention with GOS, observed in the IL-33 mRNA levels and the distribution of IL-33 in the intestine, but GOS did not affect the DON-induced ST2 expression. Recently, we observed that GOS directly protects the intestinal barrier function by maintaining tight-junction proteins and modulating CXCL8 responses in a human Caco-2 cell monolayer and in a mouse model for intestinal barrier dysfunction. However, the DON-induced hyperpermeability of the intestines for FITC-dextran (4 kDa) was not altered by GOS [6] .
As IL-33 is implicated in the Th2-type responses required for the development of allergic inflammation, the effect of dietary GOS on IL-33 expression was also investigated in a murine HDM-induced asthma model. In this model, the IL-33 mRNA expression levels in the lung positively correlated with the number of total BALF cells. Previous studies suggested that IL-33 and ST2 are both associated with the development and maintenance of allergic asthma and are correlated with disease severity [32, 33] . It has been suggested that the IL-33-induced production of proinflammatory cytokines is a critical event that aggravates asthma [34] . Treatments with anti-IL-33 monoclonal antibody have been reported to inhibit allergen-induced airway inflammation, Th2 cytokine production and mucus hypersecretion in mice [35] . Intranasally challenged IL-33-deficient mice showed impaired IL-5 and IL-13 production from group 2 innate lymphoid cells as well as lung inflammation and Th2 cell differentiation [36, 37] . Administration of blocking anti-ST2 antibodies or ST2-immunoglobulin fusion protein to allergic mice abrogated the Th2-mediated inflammatory response [38] . Contradictory results are described for T1/ST2-deficient mice; Hoshino et al. [39] observed normal Th2 responses in these animals, while Townsend et al. [40] showed reduced levels of IL-4 and IL-5.
In line with the data of the intestinal barrier dysfunction model, dietary intervention with GOS resulted in lower IL-33 and ST2 levels and an altered IL-33 distribution in the lungs of HDM-allergic mice. In addition, the increased concentration of the Th2 cytokine IL-13 in the lung of HDM-allergic mice was significantly decreased by dietary intervention with GOS and the same trend was observed for the IL-5 concentration in the BALF, although this was not significantly different (online suppl. table 2) [12] .
The mode of action of GOS is complex and still not entirely understood. The reduced IL-33 expression exerted by GOS might result from alterations in the composition of the microbiota because, initially, GOS was considered as a typical prebiotic, supporting the growth 134 of Lactobacillus and Bifidobacterium spp. in the large intestine [1, 41] . GOS not only stimulates these bacteria, but affects the whole intestinal flora by production of short-chain fatty acids like butyrate and decreasing the pH [1, 42] . It is known that butyrate exerts anti-inflammatory properties, which may explain the desirable effects of various oligosaccharides [43] . In turn, different immune-related, anti-allergic and anti-inflammatory effects have been observed in vivo after GOS/lcFOS supplementation, suggesting a positive effect on mucosal immunity via suppression of Th2-type responses, a downregulation of total immunoglobulin levels and an induction of Th1 cell and regulatory T-cell polarization [4, 5, 44, 45] .
Moreover, GOS seem to exert direct, microbiota-independent effects on the immune system by interacting with epithelial and immune cells, as indicated by in vitro experiments [3, 6, 7, 46] . Although direct interaction with TLR4 has been hypothesized [46] , the direct effect of GOS on tight junction assembly in Caco-2 cells [6] indicates the involvement of other mechanisms as well, since Caco-2 cells do not express TLR4. Furthermore, different galectins have distinct binding specificities for binding oligosaccharides [47] . Indeed, previous investigations show that dietary GOS enhanced the serum galectin-9 levels, which are involved in the regulation of immune responses and tolerance induction, which leads to a suppression of allergic symptoms in mice and humans [48] .
These findings can be considered as a first indication of the systemic modulatory effect of GOS, and they are now supported by our findings that GOS suppresses IL-33, an alarmin that is produced at different mucosal surfaces. The parallel response of intestinal repair mechanisms and the anti-allergic properties of GOS may therefore be attributable to the systemic effects of signaling molecules like galectins and specific cytokines like IL-33. Further research is needed to investigate whether GOS directly interacts with the IL-33/ST2 system or whether it prevents intestinal barrier disruption and allergic asthma by altering the microbiota composition which, indirectly, leads to a decreased IL-33 production.
In conclusion, dietary intervention with GOS mitigated the important immunomodulator IL-33 in mouse intestines, observed in a model for intestinal barrier dysfunction, and also in murine lungs, observed in a HDMinduced asthma model, which is not necessarily associated with ST2 expression. These preclinical experiments warrant studies on clinical relevance and in order to unravel the mechanism behind this effect.
